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Sub-retinal implantation of foreign materials is becoming an increasingly common feature of novel
therapies for retinal dysfunction. The ultimate compatibility of implants depends not only on their
in vitro chemical compatibility, but also on how well the mechanical properties of the material match
those of the native tissue. In order to optimize the mechanical properties of retinal implants, the me-
chanical properties of the mammalian retina itself must be carefully characterized. In this study, the
compressive moduli of eye tissues, especially the retina, were probed using a dynamic mechanical
analysis instrument in static mode. The retinal compressive modulus was lower than that of the sclera or
cornea, but higher than that of the RPE and choroid. Compressive modulus remained relatively stable
with age. Conversely, apparent retinal softening occurred at an early age in mice with inherited retinal
degeneration. Compressive modulus is an important consideration for the design of retinal implants.
Polymer scaffolds with moduli that are substantially different than that of the native tissue in which they
will ultimately reside will be less likely to aid in the differentiation and development of the appropriate
cell types in vitro and will have reduced biocompatibility in vivo.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Inherited retinal degenerative diseases such as retinitis pig-
mentosa, Leber congenital amaurosis, and Stargardt disease are
characterized by death of the light sensing photoreceptor cells of
the outer neural retina and irreversible blindness. For neurode-
generative diseases such as these, drug and/or gene therapy alone
may not sufﬁce, especially in patients who have suffered extensive
photoreceptor cell loss prior to molecular diagnosis of their gene
defect. Under these circumstances, strategies focused on cellular or
tissue replacement will be beneﬁcial. Many studies suggest that the
use of stem cells to achieve such a goal is now feasible (Barber et al.,
2013; Gonzalez-Cordero et al., 2013; Gust and Reh, 2011; Klassene for Vision Research, Carver
of Ophthalmology and Visual
. Tel.: þ1 319 355 7242.
ker).
r Ltd. This is an open access articleet al., 2004; La Torre et al., 2012; Lakowski et al., 2011; Lamba et al.,
2009, 2010; Ma et al., 2011; MacLaren et al., 2006; Tucker et al.,
2010, 2011; 2013; West et al., 2012; Yao et al., 2011); however, a
major remaining hurdle is the development of an optimal cell
transplantation system. Current delivery methods typically result
in massive cell loss and limited cellular integration following
transplantation. For instance, several studies have shown that
following bolus photoreceptor cell injection, less than 0.01% of
transplanted cells survive and even fewer actually integrate within
the host retina (Klassen et al., 2004; MacLaren et al., 2006). In large
part, poor integration can be attributed to the lack of donor cell
support following the bolus injection. These results are particularly
commonwhen attempting to perform subretinal transplants in late
stage retinal degenerative hosts that have lost the majority of their
outer retina due to photoreceptor cell death.
In an attempt to increase cellular survival and subsequent
integration following retinal progenitor/stem cell (RPC) trans-
plantation, several researchers have designed polymer scaffolds asunder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Silva et al., 2010; Diniz et al., 2013; Hu et al., 2012; Janoria et al.,
2007; Pritchard et al., 2010; Tucker et al., 2010; Winter et al.,
2008). Most implanted materials are tested for material or chemi-
cal biocompatibility (which is clearly an essential property of an
implanted polymer) prior to implantation using in vitro culture
techniques. However, the mechanical properties of material also
play an important role in the ultimate compatibility, efﬁcacy and
outcome of the implant in vivo. To overcome potential rejection
issues and for stimulation of optimal cellular differentiation and
transplant integration, it is generally believed that the mechanical
properties of an implanted material should match those of the
recipient tissue as closely as possible. Thus, directing stem cell
differentiation and cellular proliferation with mechanical cues
(Zoldan et al., 2011; Lee et al., 2013) has long been utilized for
generating cartilage (Little et al., 2011) and bone (Parekh et al.,
2011). More recently this concept has also been applied to mate-
rials meant to regenerate softer tissues such as tendons (Kinneberg
et al., 2011), cardiac valves (Wang et al., 2013), cardiac muscles
(Guillemette et al., 2010; Chen et al., 2008), and neurons (Banerjee
et al., 2009; Yao et al., 2013). In order to obtain an optimal match
between implant and native tissue, therefore, the mechanical
properties of the native tissue need to be thoroughly characterized
in normal and diseased states.
Although some mechanical properties of the retina were
described as early as 1987 (Wu et al., 1987), the extremely delicate
nature of this neural tissue has limited the extent of its character-
ization. Attaching retinal samples to displacement probes, for
example, is a commonly reported challenge, originally overcome by
using synthetic adhesive to bind the retina to the probes. More
recent work has addressed this challenge by using mechanical
pressure to tightly clamp samples to analysis probes (Chen et al.,
2010; Wu et al., 1987), leading to examination of retinal mechani-
cal properties of the retina using uniaxial tension. Some insight into
the pathophysiology of retinal tearing was gained following these
analyses. For instance, the retina was found to have a relatively
short (compared to the choroid) reversible elastic phase followed
by a large irreversible plastic deformation (Wollensak and Spoerl,
2004). From these stress and strain studies, the tensile modulus
of the retina was estimated to be about 100 kiloPascals (kPa)
(Basinger et al., 2009; Chen and Weiland, 2012).
As described, the mechanical properties of the retina have been
characterized thus far using tension applied parallel to the isotropic
retinal plane. Given the layered nature of the retina, however,
mechanical properties are not likely to be the same if characterized
using compression perpendicular to the isotropic plane of the
retina. For the purpose of developing cell delivery scaffolds, the
transverse compressive mechanical properties are a better repre-
sentation of actual mechanical pressures encountered by cells and
tissues during chronic implantation. In this study, the compressive
modulus of porcine and murine ocular tissues was examined. The
effects of aging and disease on the murine retinal compressive
modulus were also characterized. In an effort to begin to identify
mechanically appropriate materials for retinal differentiation and
transplantation, the transverse compressive modulus values for
retinal tissue were compared to relevant synthetic materials.
2. Materials and methods
2.1. Animals and dissection
For testing of mouse retinal modulus, C57Bl/6J were used as a
wild type control line (stock number 000664; Jackson Laboratories,
Bar Harbor, ME). To test the effect of retinal degeneration on mouse
retinal modulus we used the mutant line C3H/HeJPde6rd1 (stocknumber 000659; Jackson Labs), which develops rapid retinal
degeneration due to rod photoreceptor cell death. Mice were
euthanized using CO2 inhalation, followed by cervical dislocation.
Eyes were enucleated and the anterior segment was removed by
carefully cutting around the circumference of the eye along the
limbus. Once exposed, the lens and vitreous were removed, leaving
the posterior cup consisting of the retina, choroid and sclera. Ret-
inas were then carefully separated and maintained in their natural
cup-like form with the cupped portion open, facing up in the
sample basin. The media was removed to allow surface tension to
ﬂatten the tissue and the edges of the retinal cup were gently
teased out to their most extreme limit, causing ﬂattening of the
retina, without damaging the sample (Fig. 2A and B). Each mouse
retina measured was treated identically. Pig eyes (Iowa outbred
swine, 5 months of age) were obtained from a local slaughterhouse,
transported on ice and dissected within 2 h of harvest. Whole pig
globes were processed in the same manner as mouse eyes above,
except the retina was not removed from the choroid. Instead, a
5 mm biopsy punch was used to cut out retinal samples for
modulus testing, which were then separated from the choroid and
other layers. A biopsy punch was also used to isolate specimens of
cornea, choroid and sclera for testing. Prior to modulus measure-
ments, all tissues were maintained in 1 Hank’s buffered salt so-
lution (HBSS, 340 mOsm/L, SigmaeAldrich, St. Louis, MO).
2.2. Polymers
Polydimethylsiloxane (PDMS, SYLGARD 184 silicone elastomer
kit, Dow Corning, Midland, MI) samples were formed using a 10:1
ratio of base to crosslinker. The blend was mixed by vortexing,
poured into a petri dish, and cured in an oven for two days at 50 C.
The soft crosslinked poly(ethylene glycol) (PEG) samples were
formed using 22.5 weight percent (wt%) PEG dimethacrylate
(PEGDMA, MW 875, SigmaeAldrich, St. Louis, MO), 22.5 wt% PEG
methacrylate (PEGMA, MW 500, SigmaeAldrich) and 0.1 wt%
photoinitiator (Irgacure-651, Ciba Specialty Chemicals, Tarrytown,
NY), in HBSS. The stiff crosslinked PEG samples were formed using
55 wt% PEGDMA, 22.5 wt% PEGMA, and 0.1 wt% photoinitiator in
HBSS. These mixtures were vortexed and then photopolymerized
with 365 nm light for 10 min in a laminate glass mold. Many other
crosslinked PEG formulations with varying composition were pre-
pared in the same manner to further demonstrate the ﬂexibility of
using polymeric materials. To prepare the gelatin samples, 4 grams
(g) of gelatin crystals (Knox original unﬂavored gelatin) weremixed
with 29 mL of cold HBSS. Boiling HBSS (88 mL) was added to this
mixture, and the resulting solution was stirred to homogeneity,
poured into a petri dish, and refrigerated for 24 h. All polymers
were stored in HBSS for two days at room temperature, after which
disks from each polymer species were punchedwith a 5mmbiopsy
punch.
2.3. Stress and strain measurement
Themechanical properties of all samples weremeasured using a
dynamic mechanical analysis instrument (DMA Q800 V7.0 Build
113, TA Instruments, New Castle, DE) equipped with a submersion
compression clamp in static mode. Prior to each group of mea-
surements, the drive shaft position, clamp mass, clamp offset, and
clamp compliance were calibrated according to suggested pro-
tocols. Each sample was carefully transferred to the basin of the
clamp either in HBSS using a wide-tipped Pasteur pipette (for soft
tissue samples, Fig. 1A and B) or carefully with forceps (for polymer,
cornea, and sclera samples). Any excess water or buffer surround-
ing the sample was removed using a syringe. Once the sample was
installed, the top portion of the clamp was gently lowered onto the
Fig. 1. Mechanical analysis of eye tissues in compression. 5 mm circular punches of the RPE/Choroid (A) are shown in the DMA compression clamp. B: A schematic diagram
depicting the compression paradigm/tissue instrument interaction. The mean compressive modulus (C) of porcine corneal and sclera tissue is greater than that of retinal tissue,
while the modulus of choroid with retinal pigment epithelium (RPE) is slightly lower. Error bars represent standard error of the mean, **p < 0.01, ***p < 0.001.
Table 1
Sample size, mean, standard error of the mean, and average or estimated thickness
for each group of porcine tissue samples.
Sclera Cornea Retina Choroid/RPE
N 5 9a 17 5
Mean (kPa) 35.1 25.0 10.5 5.4
S.E.M. (kPa) 3.38 0.91 2.67 0.74
z (mm) 1.78c 2.56 0.30b e
a One statistical outlier was removed prior to analysis.
b Based on histological measurements.
c Sclera, choroid, and RPE were measured together.
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perature and prevent disturbances, and a pre-load force of 0.0001 N
was applied to the sample. The force was then gradually increased
to a ﬁnal value of 0.2 N at a rate of 0.02 N/min and displacement
data were collected every 2 s as the sample (which was not
conﬁned) was compressed. Crosslinked PEG samples were
measured in a fully hydrated state as per the method used for other
samples, and also in a semi-hydrated state after initial compression,
at which time most liquid had escaped the crosslinked network. All
samples were assumed to be cylindrical with a diameter of 5 mm,
except the whole mouse retinas, which had a diameter of 3 mm. All
retinal thicknesses (mouse and pig) were based on histological
measurements of age and strain matched controls (data not
shown), while the thicknesses of polymer and more robust
tissue samples were measured using the initial displacement of the
clamp before testing began. Sample thicknesses are provided in
Tables 1e3.
2.4. Data analysis
From the recorded displacement (reported in mm) and static
force (reported in N) values, the inﬁnitesimal strain (ε) and stress
(s) were calculated as follows:Table 2
Sample size, mean, standard error of the mean, and estimated thickness for each
group of murine retina samples.
Wild type (BL6) Degenerate (C3H)
5 wks 13 wks 24 wks 36 wks 3 wks 6 wks 11 wks
N 6 5 5 6 9a 6a 6a
Mean (kPa) 15.2 41.9 18.4 19.8 8.8 8.4 2.5
S.E.M. (kPa) 4.08 11.99 6.91 4.58 2.29 2.79 0.82
z (mm) 225b 225b 225b 225b 180b 150b 100b
a One statistical outlier was removed prior to analysis.
b Based on histological measurements.ε ¼ D D0
z
(1)
s ¼ C*F
A
(2)
where D is displacement, D0 is initial displacement (which accounts
for any changes brought about by the initial pre-load force), z is the
sample thickness, F is static force, A is sample cross-sectional area,
and C is a necessary correction factor provided by the instrument
manufacturer based on sample geometry.
Modulus is deﬁned as the ratio of stress increase to strain in-
crease in the elastic deformation region. Values of stress at absolute
strain values between 0 and 0.1 (0% and 10% deformation) were
plotted and the slope estimated using a trend line function (see
Supplemental Fig. 1). The total number of samples in each group is
given in Tables 1e3.
2.5. Statistics
Modulus data were analyzed for signiﬁcance using one-way
analysis of variance followed by Tukey’s multiple comparison
tests. Differences were considered signiﬁcant at p-value < 0.05.
Statistically signiﬁcant outliers were rejected if identiﬁed using a Q
test with 95% conﬁdence limits. Crosslinked PEG moduli were
predicted for a range of formulations based on a three-component
mixture design (DesignExpert 9.0.0.7, StatEase Inc., Minneapolis,
MN) with design points (measured values) at each vertex (n¼ 3), at
each axis third (n ¼ 3), the overall centroid (n ¼ 3), and at three
internal check blends (n ¼ 6) for a total of 13 design points and 48
measurements.
3. Results
Accurately determining the compressive modulus of the retina
lays the groundwork for the future design of polymer based cell
delivery scaffolds. We began by studying eye tissues isolated fromTable 3
Sample size, mean, standard error of the mean, and average thickness for each group
of polymer samples.
Gelatin Soft PEG Stiff PEG PDMS
N 4a 6 6 4a
Mean (kPa) 2.99 24.9 308.5 379.6
S.E.M. (kPa) 0.68 6.84 23.86 15.74
z (mm) 0.39 1.18 1.22 1.61
a One statistical outlier was removed prior to analysis.
Fig. 2. Moduli of whole mouse retinas at different ages and disease states. AeB:
Exemplary whole mouse retina that has been dissected free of the optic cup, placed
photoreceptor side down and prepared for compression analysis. As liquid is removed
surface tension allows the dissected retina to lay ﬂat (A), edges of the retinal cup are
gently teased out to their most extreme limit taking care not to disrupt tissue integrity
(B). C: Analysis of the development and degeneration of mouse retina mechanical
properties demonstrate that the compressive modulus of mouse retina stays relatively
constant in the range of ages examined (wild type C57BL/6J) but rapidly deteriorates
with mutation-induced degeneration (C3H/HeJPde6rd1). Error bars represent standard
error of the mean, ***p < 0.001.
Fig. 3. Compressive modulus of various polymers. The compressive modulus of gelatin
and fully-hydrated crosslinked PEG (FHC PEG) most closely approximate the transverse
compressive modulus observed for healthy retinas, where semi-hydrated crosslinked
PEG (SHC PEG) and fully hydrated PDMS moduli are much higher. Error bars represent
standard error of the mean.
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To test compressivemoduli, 5 mmbiopsy punches of the retina, and
(for comparison purposes) the retinal pigment epithelium (RPE)/
choroid, sclera, and cornea were placed in a submersion
compression clamp connected to a dynamic mechanical analysis
instrument (whichwas employed here in static mode). As shown in
Fig. 1A and B, samples were positioned in the center of the clamp
basin and excess ﬂuid was carefully removed. Following proper
positioning, an increasing amount of stress was applied and the
resulting strain recorded; both of which were used to calculate the
modulus. As shown in Fig. 1C, of the tissues tested, the highest
modulus recorded corresponded to the sclera at 35.13.4 kPa. This
ﬁnding was not surprising considering the fact that this tissue is
largely composed of irregularly layered collagen ﬁbrils. The cornea,
which is nearly uniform in thickness and largely constructed of
perfectly parallel collagen ﬁbrils, exhibited a modulus 25% lower
than that of the sclera (25.0  0.9 kPa). The retina, which is pri-
marily composed of neurons and their axons, had a modulus 63%
lower than that of the cornea (10.5  2.67 kPa). Lastly, the choroid
and RPE combined (a loose vascular connective tissue and neuro-
epithelial monolayer) had a modulus more than 40% lower than
even that of the retina (5.4  0.74 kPa).
In addition to determining the compressive modulus of the
retina of swine, we sought to determine the effects of both aging
and retinal degenerative disease on retinal mechanical integrity.
For these studies, wild type C57BL/6J and mutant C3H/HeJPde6rd1
mouse retinas were used. As shown in Fig. 2 (solid markers), the
retinal compressive moduli of wild type C57BL/6J mice does not
change signiﬁcantly from initial values obtained at 5 weeks. This
relatively constant modulus is sustained for up to 36 weeks of age.
Based on these results, the retinal modulus remains relatively sta-
ble under normal aging conditions.
Due to the aggressive nature of the retinal degeneration
observed in the C3H/HeJPde6rd1 mouse, i.e. signiﬁcant degeneration
observed by 3 weeks of age, these animals were studied immedi-
ately post-weaning and at 6 and 12 weeks of age. Unlike wild type
mice, the retinal compressive moduli of the C3H/HeJPde6rd1 mouse
decreased from initial recordings taken at 3 weeks of age (Fig. 2,
open markers). By 12 weeks of age, a time in which the C3H/HeJP-
de6rd1 mice have little to no outer nuclear layer remaining, the
retinal modulus was much lower than the previous time point
(Fig. 2, open markers). Furthermore, the mean modulus of 12-
week-old C3H/HeJPde6rd1 retina was reduced by more than 90%
compared to thewild type C57BL6mouse at a similar age (p< 0.05).
These results demonstrate that retinal degenerative disease
signiﬁcantly affects the mechanical properties of the retina.
As the ultimate goal of determining retinal modulus is to guide
the future design of polymer based cell delivery scaffolds, we next
attempted to determine the compressive modulus of a set of
polymer materials generated in our lab. The materials chosen
(PDMS, crosslinked PEG, and gelatin) were selected based upon
their biocompatibility and their previous use in the eye (Del Priore
et al., 2004; Khodair et al., 2003; Lim et al., 2004; Lu et al., 2001;
Singh et al., 2001). Furthermore, as a group these materials cover
a wide spectrum of mechanical properties relevant to biomaterials.
The compressive modulus of each polymer is shown in Fig. 3. PDMS
had the highest modulus (380  16 kPa), followed by semi-
hydrated crosslinked PEG (309  24 kPa), fully-hydrated cross-
linked PEG (24.9  6.8 kPa) and gelatin (2.99  0.68 kPa). These
measured values correspond well with previously reported
compressive moduli for the same or similar formulations of each
polymer (Armani et al., 1999; Clapper and Guymon, 2007;
Wiwatwongwana et al., 2012). Of these polymers, the soft cross-
linked PEG and gelatin most closely matched the range of moduli
identiﬁed for the neural retina. However, it is important to note thatthe mechanical properties of all three materials can be modiﬁed by
changing molecular weight and crosslinking density, as demon-
strated for crosslinked PEG in Supplemental Figs. 2 and 3. Thus,
each material has the potential to be used for future cell delivery
applications.
K.S. Worthington et al. / Experimental Eye Research 121 (2014) 194e1991984. Discussion
Since the development of the ﬁrst intraocular lens (See Moore
et al., 2011 for a discussion of the ﬁrst poly(methyl
methacrylate)-based Ridley lens), the use of polymer based mate-
rials for the treatment of blinding eye diseases has been widely
studied. To date a variety of different polymer materials, both
biodegradable and non-biodegradable, have been used in the eye
for applications ranging from retinal stimulation to drug/cell de-
livery. For example, biodegradable poly(lactic-co-glycolic acid)
(PLGA) microspheres have been shown to be well tolerated and to
maintain their ability to provide sustained release of incorporated
drug following intravitreal injection (Checa-Casalengua et al., 2011;
Jiang et al., 2007; Yao et al., 2011).When used for cell delivery, PLGA
based scaffolds have been shown to increase the survival and
integrative capacity of retinal stem cells following transplantation
(Tomita et al., 2005; Tucker et al., 2010). As a strategy to treat age
related macular degeneration, non-degradable parylene-C based
ﬁlms have been used as a vehicle for the delivery of stem cell
derived RPE cells (Diniz et al., 2013; Lu et al., 2012; Ribeiro et al.,
2013). In comparison to bolus RPE cell injections, delivery of RPE
cells on parylene-C scaffolds drastically increased donor cell sur-
vival and viability following transplantation (Diniz et al., 2013).
Despite these encouraging results, none of these polymers are
well tolerated by the host retina (Diniz et al., 2013; Tucker et al.,
2010). In the case of the electrospun PLGA systems, the negative
effects observed could in large part be explained by the inherent
rigidity of the scaffold and its mechanical incongruity with the
remaining host retinal tissue (Tomita et al., 2005; Tucker et al.,
2010), resulting in injury to the delicate retinal neurons. These
ﬁndings point to the need for newly developed polymer systems to
more closely mimic the physical properties of the native tissue in
which they will eventually be placed. Achieving material bio-
mimicry is not only important for permanent implantation, but also
in situations where the role of the polymer is to enhance cellular
differentiation and development in vitro.
To date, the majority of published studies have focused on
determining the structural properties of the retina in the horizontal
dimension, i.e., perpendicular to the path of light in the living tis-
sue. In one such uniaxial tension study, Chen and coworkers found
the modulus of the retina to be approximately 100 kPa, while that
of the choroid and sclera were about 2.4 megaPascals (MPa) and
16.6 MPa, respectively (Chen et al., 2010). They also found that the
direction in which the sample was cut signiﬁcantly affected the
tensile modulus (Chen et al., 2010). In a later study, these and
similar differences were shown to be attributed to the presence and
size of blood vessels in the tissue (Chen and Weiland, 2010).
Although mechanical properties can be uniform with respect to
direction for most synthetic materials, this isotropy does not
translate to complex anisotropic biological tissues, especially those
that are layered, such as the retina. Rather, a compressive force
applied to the surface of the retina will deform the structures
within and between the synaptic and nuclear layers in a much
different way than a force applied along the length of the layers. For
the purpose of developing cell delivery scaffolds, this transverse
compressive stress and strain behavior would appear to be a better
representation of the actual mechanical pressures encountered
during chronic implantation, i.e. the pressure generated by placing
a foreign material into the subretinal space is of a compressive
nature rather than a tensile or shear force. Likewise, the modulus of
the polymer or tissue that a developing or transplanted cell will
perceive is more similar to that obtained under a transverse
compressive rather than a uniaxial tensile force. As suspected, in
the current study, the modulus of the retina was found to be much
lower than those obtained in a lateral direction. As indicated above,this is likely due to interconnectivity of the plexiform layers, the
nerve ﬁber layer, the vascular system and the inner and outer
limiting membranes.
In summary, this study helps lay the foundation for appropriate
material selection andmodulation for applications involving retinal
cell differentiation and retinal transplantation.
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